Summary: ArrayNorm is a user-friendly, versatile and platform independent Java application for the visualization, normalization and analysis of two-color microarray data. A variety of normalization options were implemented to remove the systematic and random errors in the data, taking into account the experimental design and the particularities of every slide. In addition, ArrayNorm provides a module for statistical identification of genes with significant changes in expression. Availability: The package is freely available for academic and non-profit institutions from
INTRODUCTION
Microarray technology has become an essential tool in functional genomics. However, the huge amount of data generated from a single slide requires the development of powerful computational tools to extract valuable information. While most of the current software focusses on tools to analyze the data (clustering, gene networks, detection of genes differentially expressed, gene annotation) only a few packages have been yet developed for visualization and normalization purposes. These are essential -and not trivial-tasks in order to obtain reliable and comparable data to be used in further analyzes.
The main drawbacks of the available normalization tools are the lack of universality and the poor or inexistent use of the experimental design information (reference or loop design, dye-swap, technical and biological replicates, spotted controls). Among the available packages, those using methods such as ANOVA (Engelen et al., 2003) remove all sources of non-biological variation in one single step, what might appear as a "blackbox" to the user. Other packages (Colantuoni et al., 2002) , normalize the data in a sequential way but compile just correction options for experiments for which most of the genes are expected to be equally expressed in the two hybridized samples.
Therefore, we have developed ArrayNorm, a platform independent Java suite for the visualization, normalization and analysis of two-color microarray data. The broad selection of normalization options implemented, the way of dealing with the replicated measurements and with the controls, together with the wide range of experiments that can be normalized and analyzed make ArrayNorm one of the most complete freely available tools to normalize microarray data.
PROGRAM OVERVIEW
ArrayNorm guides the user through the normalization process, accounting for the known sources of non-biological variability introduced in microarray data. Starting from the result files of the image analysis software (e.g. GenePix, Axon Instruments, Union City, CA), ArrayNorm organizes the loaded arrays in classes, i.e. the biological conditions to be compared. ArrayNorm enables the user to characterize the experiment according to several features: (1) Replicated slides within a class; (2) slides for which the dyes were swapped; (3) spotted controls; (4) replicated measurements within a slide. ArrayNorm graphically summarizes this experimental design information.
ArrayNorm allows the visualization of the data before and after normalization. To test the quality of the data, Arrayview reconstructs the original images representing every spot with a single pixel. The "bad spots" marked by the image analysis software are colored to show potentially contaminated areas. A Slide Report shows the percentage of spots excluded from the analysis and background subtraction can be performed if desired. Spatial effects due to different print tips can be detected with the Boxplots of the different print-tip groups. MAplots were implemented to detect intensity dependent effects in the log ratios distribution. The same information can be visualized with the Scatterplots. They are essential to decide which normalization method to choose. At last, Histograms were implemented to analyze the distribution of the intensity level of both channels and to decide if a t-test is suitable for further detection of differentially expressed genes.
Systematic errors
In (Kerr and Churchill, 2001 ) four main effects that introduce variability in microarray data are described: dye, array, gene and sample effect. Some account for biological variability and some others for technical. From all the sources of systematic variation that introduce noise in two-color microarray data, the most important one is the dye effect. The different properties of the two cyanine dyes commonly used to label the two hybridized samples make it necessary to balance the intensity level of both compared samples. These are the options implemented in ArrayNorm to remove the dye effect from the data:
• Using the overall distribution of the genes in the array. The implemented possibilities are the global method, the linear regression method and LOWESS (Cleveland, 1979) function to account for intensity dependent effects. If spatial effects were detected with the Boxplots or the Arrayview, all those options can be performed independently for every subgrid.
• All the methods described before assume that most of the genes in the slide are expected to be equally expressed in both compared samples. There are many experiments for which this assumption does not hold (low-density microarrays, experiments for which no a priori information about the number of differentially expressed genes is available). If controls are available and suitable for the normalization of the data (similar expression level in both samples, covering the whole intensity range) ArrayNorm fits to them a quadratic function, using the Levenberg-Marquardt non-linear fit method (Marquardt, 1963) . This function can be used to correct the whole data set. If the dyes were swapped for the replicated slides, another possibility is to use the self-normalization . This method has been proved to improve the correlation among the replicates and to preserve the biological information of the data.
ArrayNorm gives the possibility to reset the data, enabling the comparison of the effect of the different normalization methods on the data.
Random errors
Microarray experiments should provide two different kind of replicates: biological and technical (Churchill, 2002) . Whilst biological replicates are independent and account for the variability within the population, technical replicates are used to minimize the technical errors that can arise from the experiment but cannot be removed in a systematic way. ArrayNorm firstly detects and averages replicated spots within an array. Afterwards, the technical replicated slides can be scaled to remove the array effect and averaged. The result is a unique value for every spotted gene which will be the estimator of the expression level of this particular gene in a particular class. ArrayNorm allows the user to transform the data into the log scale or to continue the analysis with the intensity ratios. The normalized expression levels of all the genes in the slide can be saved in a text file in the "Stanford flat file" format which can be later used with cluster analysis applications (Sturn et al., 2002) . Biological replicates can be used to detect genes differentially expressed.
Differentially expressed genes
After data normalization, ArrayNorm can be employed to detect differentially expressed genes. To approach the problem, a threshold for the minimal fold change can be specified by the user. ArrayNorm also provides a t-test that can be applied to the data if they are normally distributed. The user can define the α value at which the genes can be detected as differentially expressed. To control the Error of Type I it is possible to adjust the p-values using a Bonferroni correction . This t-test can be performed within a class or across different classes for experiments with a reference design. Finally, for those experiments for which the requirement of normality of the data is not met, the MannWhitney non-parametric test was implemented (Motulsky, 1995) . The selected genes and their significance level can be saved in a text file.
OUTLOOK
ArrayNorm has been tested on Windows 2000, XP, Mac OS X and LINUX platforms. New features to normalize the spatial effects and to test the quality of the replicates are being implemented as well as more sophisticated detectors of differentially expressed genes. Finally, visualization and normalization of Affymetrix data will be included.
